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The Higgs Boson: 	


moving fast towards precision physics

The Higgs boson  signal 

Ev
en

ts
 / 

2 
G

eV

2000

4000

6000

8000

10000

ATLAS Preliminary
aaAH

-1Ldt = 4.8 fb0 = 7 TeV, s
-1Ldt = 20.7 fb0 = 8 TeV, s

Selected diphoton sample
Data 2011+2012

=126.8 GeV)
H

Sig+Bkg Fit (m
Bkg (4th order polynomial)

 [GeV]aam
100 110 120 130 140 150 160Ev

en
ts

 - 
Fi

tte
d 

bk
g

-200
-100

0
100
200
300
400
500

 [GeV]4lm
80 100 120 140 160 180

Ev
en

ts
 / 

3 
G

eV

0

5

10

15

20

25

30

35
Data

Z+X

,ZZ*
aZ

=126 GeVHm

CMS Preliminary -1 = 8 TeV, L = 19.6 fbs ; -1 = 7 TeV, L = 5.1 fbs

)+0 / L-0
 ln(L× -2 

-30 -20 -10 0 10 20 30

Ps
eu

do
ex

pe
rim

en
ts

0

0.02

0.04

0.06

0.08

0.1

CMS preliminary -1 = 8 TeV, L = 19.6 fbs  -1 = 7 TeV, L = 5.1 fbs

+0
-0

CMS data

)µSignal strength (
  -1  0 +1

Combined

 4lA (*) ZZAH 

aa AH 

ili lA (*) WWAH 

oo AH 

 bbAW,Z H 

-1Ldt = 4.6 - 4.8 fb0 = 7 TeV:  s
-1Ldt = 13 - 20.7 fb0 = 8 TeV:  s

-1Ldt = 4.6 fb0 = 7 TeV:  s
-1Ldt = 20.7 fb0 = 8 TeV:  s

-1Ldt = 4.8 fb0 = 7 TeV:  s
-1Ldt = 20.7 fb0 = 8 TeV:  s

-1Ldt = 4.6 fb0 = 7 TeV:  s
-1Ldt = 20.7 fb0 = 8 TeV:  s

-1Ldt = 4.6 fb0 = 7 TeV:  s
-1Ldt = 13 fb0 = 8 TeV:  s

-1Ldt = 4.7 fb0 = 7 TeV:  s
-1Ldt = 13 fb0 = 8 TeV:  s

 = 125.5 GeVHm

 0.20± = 1.30 µ

ATLAS Preliminary

So far, all the evidence suggests that the new particle is very Standard Model like.  This implies 
that searches for BSM physics in Higgs production and decay will require good control of 
theoretical predictions within the SM and attention to subtle details
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Remarkable progress, from discovery to rapidly sharpening our 
understanding of this new state

parameter value
-1 0 1 2

i,u1-B
ag
gg
ag
gg

ZZg
FZh

Zah
WZh
ZZg
FZh

WZh
VVg

Vah
FVh
VVg
FVh

Fg
Vg

ATLAS Preliminary -1Ldt = 4.6-4.8 fb0 = 7 TeV, s
-1Ldt = 13-20.7 fb0 = 8 TeV, s

 = 125.5 GeVHm

m 1± m 2±

3

Spin-parity Couplings (SM-like)

Properties of the 	


new particle



The Higgs Boson: 	


moving fast towards precision physics
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On/off-shell correlations

So far: (very) SM-like
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The role of theory: quest for precision
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• Higher-order perturbative 
computations	



• Resummation program	


• Reliable tools (PS, PDFs...)

Higgs program requires 
very sophisticated 
theory predictions

[Harlander, “First three years of the LHC’’]
Even more so since BSM 

effects are so far well hidden



Higgs physics: search for small deviations

To the edge of pQCD:  N3LO	


• towards the full result                                               

[Anastasiou et. al, Höschele et al; Buheler, Lazopoulos (2013-2014)]	


• approximation from soft-collinear and Regge behavior       

[Ball, Bonvini et al. (2013)]

Going exclusive: cope with jet-bin analysis (H->WW, ττ)	


• resumming jet vetoes [Stewart, Tackmann et al; Banfi, Monni et al (2013)]	


• Higgs+Jet @ NNLO 	


• Higgs+JJJ @ NLO [Cullen at al, (2013)]

Always improving our tools:	


• beyond mt -> ∞, mb -> 0 [Harlander et al, (2012); Grazzini, Sargsyan (2013)]	



• parton shower matching @ NNLO [Hamilton, Nason et al, (2013)]

Pushing collider pheno to the boundaries 



Higgs production in association with jets
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Table 8: Selection table for Njet = 0 in 8 TeV data. The observed (Nobs) and expected (Nexp) yields for

the signal (Nsig) and background (Nbkg) processes are shown for the (a) eµ+ µe and (b) ee+ µµ chan-

nels. The composition of Nbkg is given on the right. The requirements are imposed sequentially from

top to bottom. Energies, masses, and momenta are in units of GeV. All uncertainties are statistical.

(a) eµ+ µe channel

Selection Nobs Nbkg Nsig

Njet = 0 9024 9000± 40 172± 2
|∆φℓℓ,MET |> π2 8100 8120± 40 170± 2
pℓℓ
T
> 30 5497 5490± 30 156± 2

mℓℓ < 50 1453 1310± 10 124± 1
|∆φℓℓ |< 1.8 1399 1240± 10 119± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

4900± 20 370± 10 510± 10 310± 10 2440± 30 470± 10
4840± 20 360± 10 490± 10 310± 10 1690± 30 440± 10
4050± 20 290± 10 450± 10 280± 10 100± 10 320± 5
960± 10 110± 6 69± 3 46± 3 18± 7 100± 2
930± 10 107± 6 67± 3 44± 3 13± 7 88± 2

(b) ee+ µµ channel

Selection Nobs Nbkg Nsig

Njet = 0 16446 15600± 200 104± 1
|∆φℓℓ,MET |> π2 13697 12970± 140 103± 1
pℓℓ
T
> 30 5670 5650± 70 99± 1

mℓℓ < 50 2314 2390± 20 84± 1
pmiss
T,rel
> 45 1032 993± 10 63± 1

|∆φℓℓ |< 1.8 1026 983± 10 63± 1
frecoil < 0.05 671 647± 7 42± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

2440± 10 190± 5 280± 6 175± 6 12300± 160 170± 10
2430± 10 190± 5 280± 6 174± 6 9740± 140 160± 10
2300± 10 170± 5 260± 6 167± 5 2610± 70 134± 4
760± 10 64± 3 53± 3 42± 3 1410± 20 62± 3
650± 10 42± 2 47± 3 39± 3 200± 5 19± 2
640± 10 41± 2 46± 3 39± 3 195± 5 18± 2
520± 10 30± 2 19± 2 22± 2 49± 3 12± 1

Table 9: Selection table for Njet = 1 in 8 TeV data. More details are given in the caption of Table 8.

(a) eµ+ µe channel

Selection Nobs Nbkg Nsig

Njet = 1 9527 9460± 40 97± 1
Nb-jet = 0 4320 4240± 30 85± 1
Z→ ττ veto 4138 4020± 30 84± 1
mℓℓ < 50 886 830± 10 63± 1
|∆φℓℓ |< 1.8 728 650± 10 59± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

1660± 10 270± 10 4980± 30 1600± 20 760± 20 195± 5
1460± 10 220± 10 1270± 10 460± 10 670± 10 160± 4
1420± 10 220± 10 1220± 10 440± 10 580± 10 155± 4
270± 4 69± 5 216± 6 80± 4 149± 5 46± 2
250± 4 60± 4 204± 6 76± 4 28± 3 34± 2

(b) ee+ µµ channel

Selection Nobs Nbkg Nsig

Njet = 1 8354 8120± 90 54± 1
Nb-jet = 0 5192 4800± 80 48± 1
mℓℓ < 50 1773 1540± 20 38± 1
pmiss
T,rel
> 45 440 420± 10 21± 1

|∆φℓℓ |< 1.8 430 410± 10 20± 1
frecoil < 0.2 346 320± 10 16± 1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

820± 10 140± 10 2740± 20 890± 10 3470± 80 60± 10
720± 10 120± 10 720± 10 260± 10 2940± 70 40± 10
195± 4 35± 2 166± 5 65± 3 1060± 10 20± 2
148± 3 21± 1 128± 5 52± 3 64± 4 5.1± 0.8
143± 3 20± 1 125± 5 51± 3 63± 4 4.5± 0.7
128± 3 17± 1 97± 4 44± 3 25± 2 3.1± 0.6

7.2 Statistical model and signal extraction

The statistical analysis uses the likelihood function L, the product of Poisson functions for each
signal and control region and Gaussian constraints, where the product is over the decay channels. In

the Poisson term for the signal region µ scales the expected signal yield, with µ = 0 corresponding to

22

Experimental analyses of Higgs decays to W-
bosons splits the Higgs signal according to jet 
multiplicities since systematic uncertainties in 
H+0 jets, H+1 jets and H+2 jets are very 
different.

Signal to background ratios in 
H+1 and H+2 jet bins are small, they are 
roughly 10 percent of the background

The signal significance in H+1jet is smaller, but 
not much smaller, than the significance in H+0 
jets

Thursday, May 2, 13

Experimental analyses for pp     H     WW: 	


binned according to jet multiplicity (different systematics)	



• Signal/background ratio for 
H+1, H+2 jets:	



• Significance in the H+1jet 
bin smaller, but not much 
smaller, than significance in 
the H+0 jet bin	



• LARGE  THEORY ERROR

Higgs production in association with jets
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The statistical analysis uses the likelihood function L, the product of Poisson functions for each
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the Poisson term for the signal region µ scales the expected signal yield, with µ = 0 corresponding to
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Experimental analyses of Higgs decays to W-
bosons splits the Higgs signal according to jet 
multiplicities since systematic uncertainties in 
H+0 jets, H+1 jets and H+2 jets are very 
different.

Signal to background ratios in 
H+1 and H+2 jet bins are small, they are 
roughly 10 percent of the background

The signal significance in H+1jet is smaller, but 
not much smaller, than the significance in H+0 
jets
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Higgs plus jet: why NNLO

⇠ 10%



Higgs plus jet: need for improvement
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FIG. 2. Comparison of NNLO, NLL+NNLO and NNLL+NNLO results for jet-veto efficiencies for Higgs (left) and Z-boson
(right) production at the 8 TeV LHC. The Higgs plot includes the result from a POWHEG (revision 1683) [20, 40] plus Pythia
(6.426) [17, 41] simulation in which the Higgs-boson pt distribution was reweighted to match the NNLL+NNLO prediction
from HqT 2.0 [7] as in [21]. The lower panels show results normalised to the central NNLL+NNLO efficiencies.

Our central predictions have µR = µF = Q = M/2 and
scheme a matching, with MSTW2008NNLO PDFs [54].
We use the anti-kt [29] jet-algorithm with R = 0.5, as
implemented in FastJet [55]. For the Higgs case we use
the large mtop approximation and ignore bb̄ fusion and
b’s in the gg → H loops (corrections beyond this approx-
imation have a relevant impact [16, 56]). To determine
uncertainties we vary µR and µF by a factor of two in
either direction, requiring 1/2 ≤ µR/µF ≤ 2. Maintain-
ing central µR,F values, we also vary Q by a factor of
two and change to matching schemes b and c. Our final
uncertainty band is the envelope of these variations. In
the fixed-order results, the band is just the envelope of
µR,F variations.

The results for the jet-veto efficiency in Higgs and Z-
boson production are shown in Fig. 2 for 8 TeV LHC
collisions. Compared to pure NNLO results, the cen-
tral value is slightly higher and for Higgs production, the
uncertainties reduced, especially for lower pt,veto values.
Compared to NNLO+NLL results [21], the central values
are higher, sometimes close to edge of the NNLO+NLL
bands; since the NNLO+NLL results used the same ap-
proach for estimating the uncertainties, this suggests that
the approach is not unduly conservative. In the Higgs
case, the NNLO+NNLL uncertainty band is not particu-
larly smaller than the NNLO+NLL one. This should not
be a surprise, since [21] highlighted the existence of pos-
sible substantial corrections beyond NNLL and beyond
NNLO. For the Higgs case, we also show a prediction
from POWHEG [20, 40] interfaced to Pythia 6.4 [17] at
parton level (Perugia 2011 shower tune [41]), reweighted

to describe the NNLL+NNLO Higgs-boson pt distribu-
tion from HqT (v2.0) [7], as used by the LHC experi-
ments. Though reweighting fails to provide NNLO or
NNLL accuracy for the jet veto, for pt,veto scales of prac-
tical relevance, the result agrees well with our central
prediction. It is however harder to reliably estimate un-
certainties in reweighting approaches than in direct cal-
culations.
Finally, we provide central results and uncertainties

for the jet-veto efficiencies and 0-jet cross sections (in
pb) with cuts (in GeV) like those used by ATLAS and
CMS, and also for a larger R value:

R pt,veto ϵ(7 TeV) σ(7 TeV)
0-jet ϵ(8 TeV) σ(8 TeV)

0-jet

0.4 25 0.63+0.07
−0.05 9.6+1.3

−1.1 0.61+0.07
−0.06 12.0+1.6

−1.4

0.5 30 0.68+0.06
−0.05 10.4+1.2

−1.1 0.67+0.06
−0.05 13.0+1.5

−1.5

1.0 30 0.64+0.03
−0.05 9.8+0.8

−1.1 0.63+0.04
−0.05 12.2+1.1

−1.4

Interestingly, the R = 1 results have reduced upper un-
certainties, due perhaps to the smaller value of the NNLL
f(R) correction (a large f(R) introduces significant Q-
scale dependence). The above results are without a ra-
pidity cut on the jets; the rapidity cuts used by ATLAS
and CMS lead only to small, < 1%, differences [21].
For the 0-jet cross sections above, we used total

cross sections at 7 TeV and 8 TeV of 15.3+1.1
−1.2 pb and

19.5+1.4
−1.5 pb respectively [57, 58] (based on results in-

cluding [45–49]) and took their scale uncertainties to be
uncorrelated with those of the efficiencies. Symmetris-
ing uncertainties, we find correlation coefficients between

UNCERTAINTY CAN BE REDUCED BY IMPROVING 	


FIXED ORDER H+JETS PREDICTIONS

(three) mT bins. For the 2-jet signal region (where
the small number of events remaining after the se-
lection does not allow the use of shape informa-
tion), and for theWW and top control regions, only
the results integrated over mT are used. Because
of event pile-up conditions changing throughout
data-taking and leading to a progressively wors-
ening EmissT resolution, separate likelihood terms
are constructed (both for the signal and the control
regions) for the first 2.3 fb−1 and the remaining
2.4 fb−1 dataset. A “signal strength” parameter,
µ, multiplies the expected Standard Model Higgs
boson production signal in each bin. Signal and
background predictions depend on systematic un-
certainties that are parameterised by nuisance pa-
rameters θ, which in turn are constrained using
Gaussian functions. The expected signal and back-
ground event counts in each bin are functions of
θ. The parameterisation is chosen such that the
rates in each channel are log-normally distributed
for a normally distributed θ. The test statistic qµ
is then constructed using the profile likelihood:
qµ = −2 ln

(

L(µ, θ̂µ)/L(µ̂, θ̂)
)

, where µ̂ and θ̂ are
the parameters that maximise the likelihood (with
the constraint 0 ≤ µ̂ ≤ µ), and θ̂µ are the nuisance
parameter values that maximise the likelihood for
a given µ. This test statistic is used to compute ex-
clusion limits following the modified frequentist
method known as CLs [74, 75].

Table 4: Main relative systematic uncertainties on the pre-
dicted numbers of signal (mH = 125 GeV) and background
events for each of the three jet multiplicity analyses. The same
mT criteria as in Table 3 are imposed in addition to the low mH
signal selection criteria. All numbers are summed over lepton
flavours. The effect of the quoted inclusive signal cross section
renormalisation and factorisation scale uncertainties on exclu-
sive jet multiplicities is explained in Section 5.

Source (0-jet) Signal (%) Bkg. (%)
Inclusive ggF signal ren./fact. scale 19 0
1-jet incl. ggF signal ren./fact. scale 10 0
W+jets fake factor 0 10
Parton distribution functions 8 2
WW normalisation 0 6
Jet energy scale 6 0
Source (1-jet) Signal (%) Bkg. (%)
1-jet incl. ggF signal ren./fact. scale 27 0
2-jet incl. ggF signal ren./fact. scale 15 0
Missing transverse momentum 8 3
W+jets fake factor 0 7
b-tagging efficiency 0 7
Parton distribution functions 7 1
Source (2-jet) Signal (%) Bkg. (%)
Jet energy scale 13 36
Z/γ⋆+2 jets MC modelling 0 24
Diboson ren./fact. scale 0 22

Figure 3 shows, the observed and expected
cross section upper limits at 95% CL, as a function
of mH and normalised to the SM cross section, for
the combined 0-jet, 1-jet and 2-jet analyses. The
limits exclude a StandardModel Higgs boson with
a mass in the range from 133 GeV to 261 GeV at
95%CL, while the expected exclusion range in the
absence of a signal is 127 GeV ≤ mH ≤ 233 GeV.
No significant excess of events over the expected
background is observed over the entire mass range
(the lowest p-value observed is 0.15).
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Figure 3: Observed (solid) and expected (dashed) 95% CL up-
per limits on the Higgs boson production cross section, nor-
malised to the SM cross section, as a function of mH , over
the full mass range considered in this analysis (top) and re-
stricted to the range mH < 150 GeV (bottom). The inner
(green) and outer (yellow) regions indicate the ±1σ and ±2σ
uncertainty bands on the expected limit, respectively. The re-
sults for nearby masses are highly correlated due to the limited
mass resolution (5–8 GeV, as inferred from a study of the ef-
fect of a hypothetical mH = 125 GeV signal on the behaviour
of qµ(µ = 1) as a function of mH) in this final state.

7. Conclusion

A search for the SM Higgs boson has been
performed in the H→WW (⋆)→ ℓνℓν channel us-

9

ATLAS

0-jet bin:

Large uncertainties even 	


after NNLL resummation

�
0

= �
tot

� ��1

[Banfi et al. (2012-2013); Tackmann et. al (2012-2013)]

1- and 2-jet bin

Large K-factors, error dominated 
by missing higher orders

State of the art: NLO for H+1,2,3 jets



Higgs plus jet: need for improvement
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H+J @ NNLO REQUIRED FOR RELIABLE HIGGS PHENO

Soon we will require good 
control of the 	



HIGGS PT SPECTRUM

Powerful probe 	


of the Hgg coupling	



•high log accuracy ✓	


•finite mt  ✗	


• genuine NNLO description



Higgs plus 1 jet at 
NNLO



Anatomy of a NNLO computation

• For a long time, the problem of NNLO computations 
was how to consistently extract IR singularity from 
double-real emission/real-virtual emission	



• This problem has now been solved both in theory 
(antenna subtraction, sector decomposition+FKS, 
semi-analytic subtraction) and in practice for 2->2 
processes (top-pair, dijet, H+jet, single-top… )	



• Now the problematic part is computing two-loop 
amplitudes. State of the art:	



• Numerically: 2->2 with 1 extra mass-scale (tt)	



• Analytically: 2->2 with two external mass scales (VV*)



H+J: building blocks
RRRVVV

[Badger et al. (2011)][Gehrmann et al. (2011)] [Del Duca et al., Dixon et al. (2004)]	


[Badger]

Problematic part is to extract implicit IR poles 
from RV and RR in a FULLY-DIFFERENTIAL way, i.e. 

without doing the PS integration

Z hvv4
✏4

+
vv3
✏3

+
vv2
✏2

+
vv1
✏

+ vv0
i
d�2Z h rv2

✏2
+

rv1
✏

+ rv0
i
d�3

Z
[rr0] d�4

OUR APPROACH: SECTOR DECOMPOSITION + FKS
[Czakon (2010), Boughezal, Melnikov, Petriello (2011)]



H+j: building blocks and credits

We then require the following process-dependent ingredients	


• tree-level H+3j [Del Duca et al., Dixon et al. (2004)], [Badger]	



• tree-level H+2j [Badger et al. (2011)] up to 	


• tree-level H+1j up to	



• one-loop H+2j [Badger et al. (2011)]	



• one-loop H+1j up to           	


• two-loop H+1j [Gehrmann et al. (2011)]

Computation done in full CDR	


• not necessary in principle -> see D. Heymes talk	


• however less prone to implementation bugs	


• gives some extra handles for checks (disappearance of unph. amps)

O(✏2)

O(✏)

O(✏)

Amplitudes need to be FAST and STABLE	


ANALYTIC RESULTS, SPINOR-HELICITY FORMALISM

EXTREMELY GRATEFUL TO MCFM FOR PROVIDING EXCELLENT 
AMPLITUDES ALREADY AS A FORTRAN CODE!



Higgs plus 1 jet at NNLO: 
our computation



Partonic Channels: LO

•gg is by far the most important	


•qg is relevant as well	


•qqb is negligible

~ 70%

~ 30%

~ 0.1%



Partonic Channels: NLO

Again, gg and qg are the most relevant

~ 70%

~ 30%

~ -0.5%



Partonic Channels: recap

LO and NLO:	


•gg ~ 70% full result	


•qg ~ 30% full result	


•qq is negligible	


•pattern persists for Hjj@NLO (qq~2%) (same 
ingredients of Hj@NNLO)

At NNLO, we ONLY CONSIDER GG AND QG	


• we must compute everything at NLO, as all 
channels mix under PDF renormalization 



Checks: cancellation of 1/ε poles
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Checks: cancellation of 1/ε poles
NUMERICAL CANCELLATION between 	



renormalization and coll. couterterms, RR, RV,  VV
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Checks: pT spectrum in the 2-jet bin
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Some (VERY PRELIMINARY) results
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Conclusions
All channels preliminary results for H+1j @ NNLO	



• Computation completed for all relevant channel ✓	



• Differential distributions implemented ✓	



• Cancellation of IR singularities ✓	



• Code fully validated ✗ [our priority, almost there + see next talk]

Work in progress:	


• Higgs decay (WW/γγ) ~ ✓	



• Dynamical scale μR, μF = (mH + pT,lj)/2 ~ ✓	



• Systematic scale variation / PDF error [META PDFs promising!]	



• Higgs pT distribution and vetoed cross section@LHC	



• WW background @ NNLO [see J.M. Henn’s talk]	





Single-top @ NNLO

pT,cut

σ(
p T

>
 p

T,
cu

t) mt/2 < μ < 2 mt 

8 TeV LHC,           mt = 173.2 GeV

�LO = 53.8+3.0
�4.3 pb

�NLO = 55.1+1.6
�0.9 pb
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�t,LO/�t̄,LO = 1.85

Colorful 2 -> 2 NNLO phenomenology is a reality
4

too, and a consistent NNLO treatment would require the
analysis of Ref. [35] to be extended to NNLO, which is
now possible with the help of the results derived in this
letter as well as Ref. [12]. Given the numerical effect is
small (a 0.7% shift at LHC 8 TeV and a 0.4% shift at the
Tevatron), in this work we take A = 0.
As can be concluded from table I the precision of the

theoretical prediction at full NNLO+NNLL is very high.
At the Tevatron, the scale uncertainty is as low as 2.2%
and just slightly larger, about 3%, at the LHC. The inclu-
sion of the NNLO correction to the gg-initiated reaction
increases the Tevatron prediction of Ref. [12] by about
1.4%, which agrees well with what was anticipated in
that reference.

Collider σtot [pb] scales [pb] pdf [pb]

Tevatron 7.009 +0.259(3.7%)
−0.374(5.3%)

+0.169(2.4%)
−0.121(1.7%)

LHC 7 TeV 167.0 +6.7(4.0%)
−10.7(6.4%)

+4.6(2.8%)
−4.7(2.8%)

LHC 8 TeV 239.1 +9.2(3.9%)
−14.8(6.2%)

+6.1(2.5%)
−6.2(2.6%)

LHC 14 TeV 933.0 +31.8(3.4%)
−51.0(5.5%)

+16.1(1.7%)
−17.6(1.9%)

TABLE II: Pure NNLO theoretical predictions for various
colliders and c.m. energies.

To assess the numerical impact from soft gluon re-
summation, in table II we present results analogous to
the ones in table I but without soft gluon resummation,
i.e. at pure NNLO. Comparing the results in the two
tables we conclude that the effect of the resummation
is a (2.2, 2.9, 2.7, 2.2)% increase in central values and
(2.4, 2.2, 2.1, 1.5)% decrease in scale dependence for, re-
spectively, (Tevatron, LHC7, LHC8, LHC14).
Next we compare our predictions with the most precise

experimental data available from the Tevatron and LHC.
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FIG. 3: Theoretical prediction for the Tevatron as a function
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Tevatron measurements.
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The comparison with the latest Tevatron combination
[36] is shown in fig. 3. The measured value σtot = 7.65±
0.42 pb is given, without conversion, at the best top mass
measurement [37] m = 173.18 ± 0.94 GeV. From this
comparison we conclude that theory and experiment are
in good agreement at this very high level of precision.
In fig. 4 we show the theoretical prediction for the

tt̄ total cross-section at the LHC as a function of the
c.m. energy. We compare with the most precise avail-
able data from ATLAS at 7 TeV [38], CMS at 7 [39] and
8 TeV [40] as well as the ATLAS and CMS combination
at 7 TeV [41]. We observe a good agreement between
theory and data. Where conversion is provided [39], the
measurements have been converted to m = 173.3 GeV.
Finally, we make available simplified fits for the top

mass dependence of the NNLO+NNLL cross-section, in-
cluding its scale and pdf uncertainties:

σ(m) = σ(mref )
(mref

m

)4
(16)

×

(

1 + a1
m−mref

mref
+ a2

(

m−mref

mref

)2
)

.

The coefficient a1,2 can be found in table III.

CONCLUSIONS AND OUTLOOK

In this work we compute the NNLO corrections to
gg → tt̄ + X . With this last missing reaction included,
the total inclusive top pair production cross-section at
hadron colliders is now known exactly through NNLO
in QCD. We also derive estimates for the two-loop hard
matching coefficients which allows NNLL soft-gluon re-
summation matched consistently to NNLO. All results
are implemented in the program Top++ (v2.0) [33].
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Figure 2. Left pane: distribution of the second order coefficient dΓ(2)
t in invariant mass of the positron

and the hardest jet. Right pane: distribution of the second order coefficient dΓ(2)
t

in the opening angle of the

positron with respect to the W -direction of motion, in the W -rest frame. See text for details.

large, we fit bin-bin fluctuations and do not gain anything. However, we find that there is a range of
intermediate values of NL that we can use in the fit so that, on one hand, our final result for dΓ(2)

t /dEl

does no depend on the exact value of NL and, on the other hand, the resulting distribution is smooth.
Distributions shown in the right pane of Fig. 1 and in Fig. 2 are obtained following this procedure.

In the left pane of Fig. 2 we show NNLO QCD contributions to the kinematic distribution in
the invariant mass of the positron and the hardest (in energy) jet in the event. The jet here is
defined with the lepton collider k⊥-algorithm where the distance between two partons i and j is given
by yij = 2min(E2

i /m
2
t , E

2
j /m

2
t )(1 − cos θij). The relative angle θij is defined in the top quark rest

frame. For numerical computations, we take yij = 0.1. In the right pane of Fig. 2 we show NNLO
QCD correction to the kinematic distribution of the positron polar angle defined in the W -boson rest
frame, relative to the direction of motion of the W -boson6. This distribution is interesting because it
allows us to determine helicity fractions of the W -bosons in top decays. Indeed, to all orders in QCD
perturbation theory, the decay rate can be written as

dΓt

d cos θl
=

3

4
sin2 θlΓL +

3

8
(1 + cos θl)

2 Γ+ +
3

8
(1− cos θl)

2 Γ−. (6.5)

The widths ΓL,Γ± define partial decay rates into polarized W -bosons. The helicity fractions are con-
structed from partial widths as F±,L = Γ±,L/Γt, where Γt = Γ++Γ−+ΓL. Our result for dΓt/d cos θl
shown in Fig. 2 allows us to compute the NNLO QCD corrections to the helicity fractions. Upon doing
so, we find good agreement with similar results presented in Ref. [22]. For example, by fitting the
angular distribution shown in the right pane of Fig. 2 we find the NNLO QCD contributions to helicity
fractions7 [δFL, δF−, δF+] = [−0.0022(1), 0.0021(1), 0.0001(1)]. These numbers should be compared to
the results of analytic computations reported in Ref. [22], [δFL, δF−, δF+] = [−0.0023, 0.0021, 0.0002].
A good agreement between the two results is obvious.

7 Conclusions

In this paper we described a computation of NNLO QCD corrections to semileptonic decays of the
top quark at a fully-differential level. We have used a framework described in Refs. [29, 30, 35] that

6The momentum of the W -boson can be determined from the momentum of the recoiling hadronic system in top
decay.

7The exact definition of the helicity fractions and values of αs used to obtain these results can be found in Ref. [22].
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ttbar dijet

single-top + top decay

H+j



Thank you for  
your attention!



A successful strategy for simpler processes:	


SECTOR DECOMPOSITION

[Binoth, Heinrich;  Anastasiou, Melnikov, Petriello (2004)]

Basic idea: CLEVER PARAMETRIZATION of the phase space 
which makes IR SINGULARITIES MANIFEST

Powerful tool for 	


fully differential NNLO:	



• dijet production at LEP  	


[Anastasiou, Melnikov, Petriello (2004)]	



• Higgs production at hadron colliders  	


[Anastasiou, Melnikov, Petriello (2005)]	



• DY production at hadron colliders  	


[Melnikov, Petriello (2006)]	



• bb->H  [Bühler, Herzog et al (2012)]

BUT	


Parametrization becomes challenging for more complicated processes

Parametrization known only for ONE COLLINEAR DIRECTION

As it is, highly process-dependent framework

FIG. 3: Bin-integrated Higgs boson rapidity distribution at the LHC. The bands indicate the scale

choice mh/2 ≤ µ ≤ 2mh.

consequently, the two photon signal can not be used as the primary trigger for the Higgs.
Searching for the Higgs boson in the W+W− decay mode requires the introduction of addi-
tional cuts to suppress the background due to the production and subsequent decay of a pair
of top quarks. Since the hadronic jets in top pair production have, on average, larger trans-
verse momenta than hadronic jets in Higgs hadroproduction, the significance of the Higgs
signal can be enhanced by imposing a jet veto on the recoiling hadronic system [71, 72]. In
Fig. 4 we present the rapidity distribution of the Higgs boson with mass mh = 150 GeV,
when all jets in the final state of the reaction pp → H + X are required to have transverse
momenta smaller than pjet

T,veto = 40 GeV. The jets are identified with the cone algorithm,
using a cone size R = 0.4.

FIG. 4: Bin-integrated Higgs boson rapidity distributions at the LHC with a jet veto applied.
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Sector-improved subtraction scheme

Combining sector decomposition and FKS partitioning makes 
extraction of singularities systematic and process-independent

[Czakon (2010)]

•Basic NNLO building block: double unresolved configuration with 
two partons soft/collinear to hard directions



Sector-improved subtraction scheme

Combining sector decomposition and FKS partitioning makes 
extraction of singularities systematic and process-independent

[Czakon (2010)]

•Basic NNLO building block: double unresolved configuration with 
two partons soft/collinear to hard directions	



•FKS: partition the phase space such that in each partition unresolved 
partons can be collinear only to a single hard direction (triple collinear),



Sector-improved subtraction scheme

Combining sector decomposition and FKS partitioning makes 
extraction of singularities systematic and process-independent

[Czakon (2010)]

•Basic NNLO building block: double unresolved configuration with 
two partons soft/collinear to hard directions	



•FKS: partition the phase space such that in each partition unresolved 
partons can be collinear only to a single hard direction (triple collinear), 
or a single pair of hard directions (double collinear)	



•Use a local sector decomposition in each partition
Bonus: parametrization in terms of energy/angles  	



physical singularities related to known eikonals/splitting functions


